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M
olecular self-assembly has

emerged as a key route to cre-

ate and to manipulate functional

surfaces for capabilities that span biospe-

cific recognition to molecular electronics.1–4

In particular, fundamental research focus-

ing on alkanethiolate self-assembled mono-

layers (SAMs) on Au has gained consider-

able attention due to the spontaneous

formation of the versatile Au–S bond, result-

ing in highly ordered molecular films that

can be fabricated over large areas. Key to

advances in this field has been the concur-

rent development of soft-lithographic tech-

niques such as microcontact printing

(�CP),5 micromolding in capillaries,6 and

dip-pen nanolithography,7 which can be

used to control the nanoscopic properties

of SAMs using micrometer-scale fabrication

techniques.

In �CP, for example, a micropatterned

stamp coated with the desired ink mol-

ecule is brought into conformal contact

with a suitable substrate. Consequently, a

chemical pattern that replicates the elasto-

meric stamp geometry is created on the

substrate via the transfer of the ink mol-

ecules only at the protruding regions of the

stamp. Here, we directly imaged chemical

patterns generated using �CP and two

related techniques—microdisplacement

printing (�DP)8 and microcontact insertion

printing (�CIP).9 We also imaged chemical

patterns created using lithography-assisted

chemical patterning (LACP).10 These pat-

terned surfaces were imaged using a field

emission scanning electron microscope

(FESEM) and corroborated with measure-

ments using scanning tunneling micros-

copy (STM) and lateral force microscopy

(LFM).

A fundamental limitation of �CP to cre-

ate chemical patterns is the tendency of

low-molecular-weight molecules to diffuse

laterally and spread across the substrate

surface. This results in poor pattern fidelity

and, in some cases, even pattern

dissolution.8,11 By modifying and tailoring

the intermolecular interactions of a preex-

isting SAM, we have developed novel soft-

lithographic techniques that broaden the

scope of �CP. Microdisplacement printing

utilizes a preassembled, labile SAM of

1-adamantanethiol (AD) on the surface to

improve the fidelity of chemical patterns

created by contact printing and permits

patterning of low-molecular-weight mol-

ecules.8 Microcontact insertion printing is a

technique for the creation of micrometer-

size chemical patterns of isolated, inserted

molecules with dilute placement and low

coverages (�0.5–15%) in controlled matri-

ces.9 Although �CP is a ubiquitous method

for benchtop fabrication of chemical pat-

terns, it has been embraced only to a lim-

ited extent by industry because of the pro-

cess variability and the lack of suitable

metrology tools.

In contrast, photolithography is a well-

characterized, mature technology widely

used in semiconductor manufacturing.
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ABSTRACT A series of nanoscale chemical patterning methods based on soft and hybrid nanolithographies

have been characterized using scanning electron microscopy with corroborating evidence from scanning tunneling

microscopy and lateral force microscopy. We demonstrate and discuss the unique advantages of the scanning

electron microscope as an analytical tool to image chemical patterns of molecules highly diluted within a host self-

assembled monolayer and to distinguish regions of differential mass coverage in patterned self-assembled

monolayers. We show that the relative contrast of self-assembled monolayer patterns in scanning electron

micrographs depends on the operating primary electron beam voltage, monolayer composition, and monolayer

order, suggesting that secondary electron emission and scattering can be used to elucidate chemical patterns.
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Lithography-assisted chemical patterning utilizes a

robust lithographic resist that is capable of withstand-

ing self-assembly deposition conditions and is

patterned by photolithography to create high-quality

chemical patterns.10

In previous work, chemical patterns of SAMs and

Langmuir–Blodgett films were imaged with a SEM.12–14

Both experimental and theoretical15 considerations

were applied to rationalize the resulting relative inten-

sities observed in the micrographs. The contrast ob-

served in scanning electron micrographs of chemical

patterns is due to spatial differences in surface work

function and secondary electron emission between the

different molecular components. These, in turn, were

found to be modulated differently on the basis of the

terminal functionality, alkyl chain length, and electron-

cloud density of the SAMs, the thicknesses of adsorbed

organic overlayers on SAMs, and the molecular order-

ing of the Langmuir–Blodgett films. For example, the

SEM intensity decreases with decreasing alkyl chain

length in SAMs, with increasing thicknesses of organic

overlayers adsorbed over SAMs, and with poorer molec-

ular ordering in Langmuir–Blodgett films.12–14 In this

article, we show that the SEM is also capable of non-

destructively imaging very dilute (down to �0.5%) frac-

tional coverages of patterned, isolated molecules within

a host matrix in �CIP and also the diffused regions of

chemical patterns created by �CP in a more facile man-

ner than alternative techniques. Furthermore, we vali-

date the qualitative SEM studies with complementary,

quantitative information from STM and LFM. Finally, we

demonstrate the well-known phenomenon of contrast

dependence on operating voltage of the SEM,16 but

here we utilize it to image chemical patterns of SAMs.

It is advantageous to develop the SEM as a charac-

terization tool for chemical patterning for the follow-

ing reasons. First, the SEM is the foremost metrology

tool (along with scatterometry) available in semicon-

ductor manufacturing.17 Specialized tools, called criti-

cal dimension SEMs (CD-SEMs), are available from many

commercial vendors. Technologies based on chemical

patterning may then be well served by the develop-

ment of SEM characterization, which is both rapid and

capable of large-area imaging. Competing methods

such as scanning ellipsometry and atomic force micros-

copy provide limited sample throughput. Second, the

SEM is a relatively non-destructive technique and is

highly sensitive to even small variations in surface com-

position and molecular ordering in patterned SAMs.

These aspects render the SEM a vital analytical tool in

the development and optimization of various pattern-

ing techniques and will help facilitate additional funda-

mental research and development in this area.

RESULTS AND DISCUSSION

Patterning and Measurements. Microcontact Printing. In �CP,

a patterned stamp is used to produce chemical pat-

terns on surfaces that replicate the stamp geometry

(Figure 1A). This technique has been the focus of much

research, mainly due to the ease of implementation,

low capital investment, and ability to pattern large ar-

eas (�1 cm2). The fidelity of chemical patterns created

by �CP varies with many parameters, including stamp

deformation,18 back-pressure applied to ensure confor-

mal contact between stamp and substrate,19 ink mol-

ecule,20 ink molecule concentration,20,21 and stamping

time.11 These parameters, in turn, influence the molec-

ular ordering, average packing density, and extent of

lateral diffusion across the substrate surface of the pat-

terned SAM.22

Here, we employed a SEM to image the regions of

differential packing density in a patterned SAM. We

chose to restrict the scope of our study to the effect of

stamping time, in part because of its considerable im-

portance on both the molecular ordering of the result-

ing SAM and pattern fidelity. Separate patterned poly-

(dimethylsiloxane) (PDMS) stamps with 10 �m � 10 �m

posts were inked with 25 mM 11-mercaptoundecanoic

acid (MUDA) and stamped for 10 s or 10 min. Subse-

quently, the patterned substrates were imaged with a

FESEM (Figure 1B,C). The regions containing the ink

molecules appeared with higher secondary electron in-

tensity when compared to the Au background. Further

important aspects of these images are the “halo” diffuse

regions that typically surrounded the square-shaped re-

gions of the intended chemical patterns that were

printed for longer durations (10 min, Figure 1C). These

regions correspond to the ink molecules that diffused

laterally and have lower mass coverage compared to

Figure 1. (A) Schematic (not to scale) depicting microcontact (�CP) printing
with an 11-mercaptoundecanoic acid (MUDA, red lines)-inked stamp. The
molecularly inked stamp is contacted directly onto a Au{111} substrate, result-
ing in patterned regions of MUDA that mirror the relief pattern on the stamp.
(B,C) Field emission scanning electron microscopy (FESEM) images of patterned
Au{111} fabricated by �CP using 10 �m � 10 �m posts on a poly(dimethyl-
siloxane) stamp inked with a 25 mM MUDA solution. The stamp–substrate
contact times were (B) 10 s and (C) 10 min. The regions with higher intensity
correspond to the stamped MUDA, and the lower intensity background is the
Au{111} substrate. Microcontact printing for 10 s results in better pattern
fidelity but poorer molecular ordering of the SAM. Microcontact printing for
10 min improved the molecular ordering of the SAM,11,19,26 but the pattern
contained diffuse regions that surrounded the square-shaped regions of the in-
tended chemical patterns. These surrounding areas of lower coverage form
due to lateral surface diffusion of the MUDA molecules, which have low inter-
molecular interactions. These micrographs were acquired at a primary electron
beam voltage of 1 kV and a collector voltage of �300 V.
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the patterned 10 �m � 10 �m areas.23 The low inter-

molecular interactions between MUDA molecules

increased their susceptibility to spread across the

substrate. Similar trends were observed for �CP of

16-mercaptohexadecanoic acid (MHDA), 1-octanethiol

(C8), and 1-octadecanethiol (C18) (data not shown) and

were consistent with previous reports of increasing lat-

eral surface diffusion rate with decreasing alkyl chain

length.11,24–26

In related work, Bitterman et al. imaged Langmuir–

Blodgett film domains with varying molecular packing

density and found that regions with higher packing

density emit more secondary electrons (i.e., have a

higher intensity in scanning electron micrographs).13

On the basis of these observations, we conclude that

the halo diffuse regions correspond to MUDA SAMs

with lower mass coverage and molecular ordering, due

to which they are highly defect-ridden. These defects,

in turn, interact with and attenuate the secondary elec-

tron signal from the Au beneath, resulting in the lower

intensity of secondary electron emission, even when

compared to the Au background. Such halos have pre-

viously been observed; see, for example, ref 9. The dif-

fuse regions were directly imaged here, as shown in Fig-

ure 1C, presumably due to the imaging conditions

used. We used a primary electron beam with energies

(1 keV) much smaller than those used in most previous

work, resulting in smaller penetration depths, rendering

the scanning electron micrographs more sensitive to

small variations in surface composition and structure.

Surface diffusion of the ink molecules can be miti-

gated by reducing their concentration. However, con-

centrations below 10 mM resulted in a relatively dis-

ordered and liquid-like patterned SAM.20 Another

parameter that can be leveraged for reducing surface

diffusion is the stamping time; shorter stamping times

also result in less surface diffusion. However, previously

reported spectroscopic measurements showed that

printing times from 1 min to 1 h are required to elimi-

nate conformational defects (and likely low mass cover-

age phases) in printed SAMs.11,19,26 These studies and

the inferences drawn from Figure 1B,C allude to a trade-

off between improving the molecular ordering of the

SAM and pattern dissolution upon increasing the

stamping time. As discussed in the next section, �DP

improves this trade-off by utilizing a preassembled SAM

that is sufficiently labile to be displaced by competi-

tive adsorption and is yet well-ordered enough to

impede surface diffusion of the ink molecules.

Microdisplacement Printing. Enhancing soft-lithographic

microcontact patterning, �DP utilizes a preassembled

SAM of AD that is sufficiently labile to be displaced by

ink molecules from the raised regions of elastomeric

stamps but has sufficient intermolecular interactions

to limit the surface diffusion of the adsorbed molecules

during and after �CP. We have previously reported on

the ability of AD to form well-ordered hexagonally

close-packed SAMs on Au{111}, which have larger lat-

tice spacings than n-alkanethiolate SAMs.27 The AD

molecules interact weakly with each other and have a

lower molecule–substrate bond density; thus, they are

displaced by molecules that interact more strongly and

have higher molecule–substrate bond densities to cre-

ate patterned SAMs.28–31 This has been exploited to

pattern low-molecular-weight molecules that would

otherwise diffuse laterally both during and after pat-

terning.8

Shown in Figure 2A is a schematic of �DP. Self-

assembled monolayers of AD were assembled via solu-

tion deposition by immersing Au{111} substrates in a

10 mM solution of AD for 24 h. Next, a patterned PDMS

stamp with 10 �m � 10 �m posts was inked with

25 mM MUDA, stamped for 10 min, and subsequently

imaged with a FESEM (Figure 2B). The higher intensity

squares correspond to the regions stamped with

MUDA; the lower intensity background corresponds to

the regions with the unaltered AD SAM. The resulting

chemical pattern did not broaden, in contrast to the

�CP pattern (Figure 1C), for identical molecular ink

composition, ink concentration, and stamping time.

The remaining AD SAM prevents the lateral spreading

of stamped molecules on the substrate surface both

Figure 2. (A) Schematic (not to scale) depicting microdisplacement printing
(�DP) on a 1-adamantanethiolate (AD, green circles) self-assembled mono-
layer (SAM) with a poly(dimethylsiloxane) (PDMS) stamp carrying ink molecules
(red lines). The molecularly inked stamp is contacted directly onto the AD

SAM, resulting in patterned regions of the ink molecule that mirror the relief
pattern on the stamp. (B) Field emission scanning electron microscopy (FESEM)
image of patterned Au{111} fabricated by �DP using 10 �m � 10 �m posts
on a PDMS stamp inked with a 25 mM 11-mercaptoundecanoic acid solution
(MUDA, 10 min stamp–substrate contact time). (C) FESEM image of patterned
Au{111} fabricated by �DP using 10 �m � 10 �m posts on a PDMS stamp inked
with a 25 mM 1-dodecanethiol solution (C12, 15 min stamp–substrate contact
time). (D) FESEM image of patterned Au{111} fabricated by iterative �DP using
10 �m � 10 �m posts on a PDMS stamp inked with 25 mM MUDA and 5 �m
� 5 �m posts on a PDMS stamp inked with 25 mM C12 (10 min stamp–sub-
strate contact time for each). The regions of the ink molecules show higher in-
tensity compared to the AD background and better pattern fidelity than �CP
for similar stamp–substrate contact times and ink concentrations. These micro-
graphs were acquired at a primary electron beam voltage of 1 kV and a collec-
tor voltage of �300 V.
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during and after the stamping process (the images

shown here were collected 48 h after the printing step).

Similarly, 10 �m � 10 �m �DP patterns of 25 mM

1-dodecanethiol (C12) stamped for 15 min were cre-

ated with excellent pattern fidelity (Figure 2C). The it-

erative nature of �DP is demonstrated in Figure 2D. A

preformed AD SAM was successively printed for 10 min

each with 25 mM MUDA (10 �m � 10 �m posts on a

PDMS stamp) and 25 mM C12 (5 �m � 5 �m posts on

a PDMS stamp). As noted previously, both of these low-

molecular-weight molecules are difficult to pattern by

�CP due to their susceptibility to lateral diffusion and

thus pattern dissolution. These images show that the

preexisting AD SAM is displaced by competitive adsorp-

tion only in areas where the elastomeric stamp and sub-

strate were in contact.

Time-dependent STM studies of �DP were per-

formed to elucidate the patterning mechanism of

�DP with molecular resolution and corroborate the

contrast observed in the scanning electron micro-

graphs.8 Carboxylic-acid-terminated molecules are

difficult to image with molecular resolution using a

STM due to their hydrophilicity. Therefore, these

experiments were performed with 50 mM

1-decanethiol (C10) ink molecules on unpatterned

PDMS stamps displacing preformed AD SAMs.

Shown in Figure 3 are 500 Å � 500 Å STM images

of C10 molecules that had displaced the AD SAM

for 0, 3, and 10 min. The resulting two-component

SAMs formed ordered lattices of both AD and C10,

with the AD regions having larger lattice spacings

and smaller apparent heights. As shown here, the

stamping time can be used to control the mean frac-

tional C10 coverage; thus, increasing the stamping

duration increases the displacement. Concomitant

with this increase in displacement is improvement

in the molecular ordering of the C10 lattice. With

increasing stamping time, these clusters grew and

ordered into larger patches, and ultimately, C10

domains completely displaced the AD SAM for

10 min stamping times. However, the printed SAMs

have smaller domains, more defects, and more

domain boundaries compared to the corresponding

SAMs adsorbed from solution.8 On the basis of this

molecular picture, one may hypothesize that relative

contrasts observed in scanning electron micro-

graphs are based on the following phenomenon.

The larger lattice spacings and hence lower packing

density of the AD SAM, compared to those of both

carboxy-terminated and methyl-terminated

alkanethiol SAMs, result in larger secondary elec-

tron scattering in the AD regions compared to the

patterned regions, rendering the AD regions the

lower intensity areas in scanning electron

micrographs.

Microcontact Insertion Printing. As a means to place single

molecules or small bundles of molecules in patterns in

controlled matrices via soft lithography, �CIP utilizes a

preassembled alkanethiolate SAM matrix with a

selected number and type of defects to facilitate

insertion into these defects. The alkanethiolate SAM

provides a two-dimensional matrix for the insertion of

isolated molecules into film defects, such as structural

domain boundaries and substrate step edges, while

retaining the molecular ordering of the n-alkanethiolate

lattice,32 and also prevents the lateral diffusion of the

inserted molecules.

Shown in Figure 4A is a schematic representation

of �CIP. Here, a C8 SAM was prepared by deposition

in a 1 mM solution of C8 for 1 min. Then, 10 �m �

10 �m posts on a PDMS stamp were inked with 25 mM

MUDA and stamped for 30 min. In contrast to the AD

Figure 3. Representative scanning tunneling microscopy
images of a two-component, self-assembled monolayer
(SAM) of 1-adamantanethiolate (AD) and 1-decanethiolate
(C10), fabricated by microdisplacement printing with
stamp–substrate contact times of (A) 0 min, (B) 3 min, and
(C) 10 min. The concentration of the ink molecule on the un-
patterned stamp was 50 mM. The ordered lattices of both
components can be seen; the less protruding SAM domains
(displayed as darker) with the larger lattice spacings are AD.
With increasing stamp–substrate contact times, the frac-
tional coverage of C10 increased, displacing the AD and
nearly covering the surface for a stamping time of 10 min.
The area imaged is 500 Å � 500 Å, recorded with a sample
bias of �1 V and tunneling currents of (A) 2 pA, (B) 1 pA, and
(C) 2 pA.
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SAMs in �DP, the C8 SAMs have higher intermolecular

strengths and smaller lattice spacings, so that they are

not displaced; however, isolated ink molecules are in-

serted into the defects of the C8 SAM via molecular

exchange.32–36 During �CIP, the ink molecules transfer

from the stamp and insert into the C8 SAM only in the

protruding regions of the PDMS stamp. The patterned

substrates were examined with a FESEM (Figure 4B).

The resulting regions with inserted molecules, which

correspond to the regions with higher intensity in the

scanning electron micrographs, did not broaden as

observed for �CP patterns for identical ink concentra-

tions and shorter stamping times of the same molecule.

�CIP can be repeated to create complex chemical pat-

terns of inserted molecules. This feature is demon-

strated in Figure 4C, where a preformed C8 SAM was

successively printed with 25 mM MUDA for 30 min each

using 25 �m � 25 �m and 10 �m � 10 �m posts on

PDMS stamps. The double-patterned regions shown

have higher intensities than the single-patterned

regions of inserted MUDA molecules. This increase is

due to the additional MUDA molecules inserted into

the overpatterned regions, which remained in contact

with the protruding regions of the elastomeric stamp

for twice as long. Furthermore, higher magnification

FESEM images showed considerable variation in the

uniformity of intensity within the MUDA-inserted re-

gions, indicating the dilute nature of the chemical pat-

tern (data not shown).

To understand the contrast observed in the scanning

electron micrographs in Figure 4, to determine the pre-

cise locations of insertion, and to quantify the extent of

insertion, complementary high-resolution STM studies

were performed. The polar nature of the carboxy-

terminated SAMs serves to enhance the contrast ob-

served in scanning electron micrographs by inducing a

larger change in the local surface potential, but it pre-

cludes us from obtaining STM images of these molecules

with molecular resolution. For this reason, STM studies

were performed with methyl-terminated SAMs of similar

alkyl chain lengths (C12). Although we attempted to

image chemical patterns of C12 molecules inserted into

a C8 matrix with the FESEM, we were unable to discern

any contrast between the patterned and background re-

gions due to the difference of only four methylene units

between C12 and C8 molecules and the identical ex-

posed terminal funtionality. However, we were able to

resolve chemical patterns of C18 molecules inserted into

a C8 matrix due to the larger difference in alkyl chain

length. These observations indicate that SEM cannot be

applied as a ubiquitous technique to image chemical

patterns of inserted molecules and sufficient differences

in chain length and/or terminal functionality are required.

Figure 5A shows a representative STM image of a C8

SAM formed on a Au{111} substrate that shows the ab-

sence of protruding molecules and the existence of sub-

strate defects in the initial high-quality SAM. Figure 5B

shows a STM image of a sample fabricated by �CIP on

such a C8 SAM with an unpatterned PDMS stamp coated

with 100 mM C12 for 30 min. The more protruding fea-

tures originating at the substrate defects correspond to

C12, and the less protruding lattice corresponds to C8.

Similar to solution- and vapor-phase insertion, the C12

molecules were observed to be inserted into the defect

sites within the host–SAM matrix, such as substrate va-

cancy islands and domain boundaries.32–36 The fractional

C12 coverage for this stamp time and concentration was

determined to be �8% by performing the following im-

age analyses.9 Briefly, several 500 Å � 500 Å STM images

of samples containing C8 SAMs printed with unpatterned

PDMS stamps coated with C12 molecules were acquired

across different regions on the substrates. The individual

C12 coverage for each STM image was calculated by

counting the number of pixels above a threshold inten-

sity, which was set to be the average between the appar-

ent heights of C8 and C12 in the STM image. Substrate

defects such as substrate vacancy islands and step edges

were excluded from this calculation. The resulting frac-

tional C12 coverages were then averaged across the dif-

ferent images.

The stamping time can be utilized to tune the

amount of insertion and hence the extent of dilution

of the inserted chemical pattern.9 We found that the

mean fractional C12 coverage increased monotonically

Figure 4. (A) Schematic (not to scale) depicting microcontact insertion print-
ing (�CIP) on a 1-octanethiolate (C8, red lines) self-assembled monolayer (SAM)
with a poly(dimethylsiloxane) (PDMS) stamp carrying an ink molecule (green
lines). (B) Field emission scanning electron microscope (FESEM) image of a pat-
terned Au{111} substrate fabricated by �CIP using 10 �m � 10 �m posts on
a PDMS stamp inked with 25 mM 11-mercaptoundecanoic acid (MUDA, 30 min
stamp–substrate contact time). The higher intensity squares correspond to ar-
eas where MUDA was inserted, and the low-intensity background corresponds
to the unaltered regions of C8 SAM. (C) FESEM image of a patterned Au{111}
substrate fabricated by double �CIP. The substrate was initially patterned with
a PDMS stamp with 25 �m � 25 �m posts inked with 25 mM MUDA (30 min
stamp–substrate contact time) and then patterned with a PDMS stamp with
10 �m � 10 �m posts (rotated 45°) inked with 25 mM MUDA (30 min stamp–
substrate contact time). The highest intensity areas appear where the film was
inserted with MUDA twice. These micrographs were imaged at a primary elec-
tron beam voltage of 1 kV and a collector voltage of �300 V.
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with stamping time and saturated at about �15% for

stamping times of 1 h and beyond. We expect that this

upper limit is imposed by the limited molecular ex-

change between the C8 SAM and the inserted C12 mol-

ecules, occurring predominantly at defects in the preex-

isting SAM and not within the crystalline SAM domains

on terraces. Using the previously reported time-

dependent study of the extent of C12 insertion into

the C8 SAM, the fractional MUDA coverages for the pat-

terned regions in Figure 4B,C were estimated to be

�8% for the single-patterned regions on both single

�CIP and double �CIP regions, and �16% for the

double-patterned regions of the double �CIP sample

(assuming that stamping twice for 30 min is equivalent

to stamping once for 60 min and that insertion of

MUDA is comparable to that of C12).9

We note that the SEM provides vastly improved con-

trast when imaging large areas of low fractional cover-

ages of inserted molecules compared to complemen-

tary scans in the LFM (the LFM measures frictional

differences across a surface), which highlights the sen-

sitivity of the SEM to small variations in SAM composi-

tion. On the basis of the molecular-level understanding

derived from the STM images, we infer that, when the

ink molecules insert into the defective regions of the

host–SAM, the resulting bicomponent SAM has a lower

number of defects than the initial SAM. The lower den-

sity of defects diminishes the number of secondary

electron scattering events in the regions that were con-

tacted by the molecularly inked elastomeric stamp, re-

sulting in increased contrast in the scanning electron

micrographs. This phenomenological explanation is

consistent with the fact that the regions of double-

patterned �CIP (contacted for twice the stamping time

and thus with higher numbers of inserted molecules)

appear with higher intensity than the single-patterned

�CIP regions. When we imaged chemical patterns of in-

serted molecules with amine- and methyl-terminated

functionality, the regions containing the inserted mol-

ecules appeared with higher intensity than the back-

ground C8 matrix. Furthermore, we imaged chemical

patterns where a MUDA SAM serves as the host matrix

and C8 molecules served as the inserted molecules and

found that the regions of the inserted molecules still ap-

peared with higher intensity than the background SAM

(see Supporting Information, Figure 1, for this data).

These observations support the aforementioned argu-

ment. Remarkably, chemical patterns of inserted, hydro-

philic molecules with dilutions to �5% can be distin-

guished with a SEM (for other inserted molecules, we

have found sufficient contrast to observe 0.5% dilu-

tions). Current work is focused on further derivatizing

the isolated molecules with terminal functionalities to

serve as small-molecule probes for the detection of bio-

logical molecules.37,38

Lithography-Assisted Chemical Patterning. In LACP, conven-

tional photolithography is used synergistically with

chemical self-assembly and photooxidation of the mol-

ecule–substrate bond to create chemical patterns with

high fidelity. The central idea is to exploit the ability of a

commercially available lift-off resist (LOR 5A, Micro-

Chem Corp., Newton, MA) to withstand conditions nec-

essary for both chemical self-assembly and photooxida-

tion of the molecule–substrate bond (here Au–S) while

not disrupting the preexisting SAM. One limitation of

soft-lithographic chemical patterning techniques is the

inability to register subsequent chemical patterns accu-

rately. Due to the use of photolithography, LACP is ca-

pable of creating registered 1:1 chemical patterns over

large-area substrates and allows for the feature dimen-

sions to be easily scaled down due to the use of

radiation-sensitive polymers for pattern transfer.

The bilayer resist processing used in LACP follows

(Figure 6A). A hydrophilic SAM was assembled on a Au-

coated Si wafer by immersing the substrate in a 1 mM

solution of MHDA in ethanol for �24 h. A bilayer resist,

comprising a lift-off resist (LOR 5A, spin-cast at

4000 rpm and baked for 10 min at 200 °C) and a photo-

resist (SPR3012, Shipley Co., Marlborough, MA, spin-

cast at 4000 rpm and baked for 60 s at 95 °C), was pat-

terned by a broadband contact aligner (42 mJ/cm2 at

365 nm). After exposure, this resist stack was baked for

60 s at 115 °C and developed for 75 s in a tetrameth-

ylammonium hydroxide (TMAH)-based developer (CD-

Figure 5. (A) Representative scanning tunneling microscope
(STM) image of a 1-octanethiolate (C8) self-assembled
monolayer (SAM) formed on a Au{111} substrate via expo-
sure to a 1 mM solution of C8 for 1 min. The most depressed
features correspond to substrate vacancy islands. (B) Repre-
sentative STM image of a two-component SAM of C8 and
1-dodecanethiolate (C12), fabricated by microcontact inser-
tion printing with an unpatterned stamp coated with
100 mM C12 (stamp–substrate contact time of 30 min). The
area imaged is 500 Å � 500 Å, recorded with sample biases
of �1 and �1.2 V and tunneling currents of 2 and 1 pA for
(A) and (B), respectively.
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26, Shipley Co.). While the photoresist serves to pat-

tern the radiation-insensitive lift-off resist, it is unstable

in alcohol-based solvents. However, the lift-off resist is

chemically robust and withstands self-assembly deposi-

tion conditions.39 Therefore, the photoresist was selec-

tively removed using acetone while retaining the pat-

terned lift-off resist on the preassembled SAM. The SAM

in the exposed patterns of the LOR was removed by

UV– ozone oxidation40 for 10 min (UV Clean Model

135500, Boekel Scientific, Feasterville, PA) and rinsed in

deionized (DI) water and ethanol. The second SAM com-

ponent was deposited on the substrate from a 1 mM

ethanolic solution of C18 for 1 h. Finally, the lift-off re-

sist was removed in an aqueous solution of 2% TMAH

for 60 s, and the sample was rinsed in DI water and

ethanol.

The chemically patterned substrates were imaged

with a FESEM (Figure 6B) operating at a primary elec-

tron beam voltage of 1 kV. The methyl-terminated SAM

regions appeared with higher intensity compared to

the carboxy-terminated SAM regions. The scanning

electron micrographs delineate the excellent line-edge

quality of the chemical patterns as a result of the litho-

graphic process utilized in their fabrication. This tech-

nique was successfully applied to pattern various com-

binations of primary (MUDA, MHDA) and secondary,

back-filled (C12, C18, MUDA, 11-amino-1-

undecanethiol (AUDT)) component SAMs, which were

imaged with the FESEM with discernable contrast. The

ability to pattern two-component SAMs that are

carboxy-terminated and amine-terminated exemplifies

a unique advantage of this technique; the LOR shields

the carboxy-terminated SAM from reacting with the

amine-terminated SAM. This permits the patterning of

high-quality multicomponent SAMs susceptible to un-

desirable side reactions in other patterning methods.

Furthermore, tricomponent SAMs comprising MHDA,

AUDT, and C18 were patterned by performing LACP

iteratively, enabling the creation of complex chemical

patterns that are aligned and have excellent pattern

fidelity.10

Scanning electon microscopy is a qualitative tech-

nique and is incapable of verifying the nature of the ter-

minal functionality of chemical patterns created by

LACP. To validate the obtained contrast in scanning

electron micrographs further, the chemical patterns

were imaged with a LFM.41 As shown in Figure 7, the re-

gions of C18 appeared with lower friction than the re-

gions with MHDA.10,41 A priori knowledge of the photo-

mask layout used to create the chemical pattern

allowed us to verify that the lower friction regions (C18)

matched the regions of higher intensity in the scan-

ning electron micrograph. The regions with C18 have

higher secondary electron yields than the regions with

MHDA (and hence appear with higher intensity), be-

cause the MHDA is more reactive with adventitious ad-

sorbates and more disordered than the C18 regions.12

Contrast Dependence on SEM Operating Voltage. Scanning

electon microscopy images of patterned SAMs were

first demonstrated by López et al.12 and Wollman et

al.42 López et al. imaged chemical patterns of alkane-

thiolate molecules patterned by photooxidation of the

Au–S bond through a stencil mask and by �CP.

Wollman et al. modified radiation-sensitive SAMs using

a stencil mask and validated the resulting SEM contrast

with secondary ion mass spectroscopy. López et al.

used the SEM to fabricate and image patterns of pro-

teins adsorbed on SAMs.43 In addition, Bittermann et al.

studied the effect of molecular packing on the con-

trast in SEM images and correlated them with scan-

ning force microscopy.13 Saito et al. performed ab ini-

tio molecular orbital calculations to determine the

HOMO and LUMO levels of the adsorbed overlayers

and corroborated them with the trends in contrast ob-

tained using the SEM.15 Further, Mack et al. attempted

to quantify the extent of protein adsorption on pat-

Figure 6. (A) Schematic (not to scale) depicting lithography-
assisted chemical patterning of 16-mercaptohexadecanoic
acid (MHDA, red lines) and 1-octadecanethiol (C18, blue
lines) self-assembled monolayers (SAMs). A robust litho-
graphic resist is patterned atop a MHDA SAM, the pattern
is transferred by UV– ozone photooxidation, and a C18 SAM
is deposited into the exposed regions. The resist is then re-
moved while maintaining the carboxy-terminal functionality
that has been patterned onto the substrate. (B) Field emis-
sion scanning electron microscopy image of a patterned
two-component SAM comprising MHDA (imaged with lower
intensity) and C18. The excellent line-edge quality of the
chemical patterns is evident. This micrograph was acquired
at a primary electron beam voltage of 1 kV and a collector
voltage of �300 V.

Figure 7. Lateral force microscopy image of patterned
two-component self-assembled monolayers comprising
16-mercaptohexadecanoic acid and 1-octadecanethiol. The
carboxy-terminated regions have higher friction (shown as
lighter) than the methyl-terminated regions. Imaging pa-
rameters: force setpoint, 6 nN; scan rate, 1 Hz.
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terned SAMs using the SEM. They found that the nor-

malized SEM intensity increased with increasing alkyl

chain length and decreased with increasing thicknesses

of adsorbed proteins.14 A noticeable aspect of this

body of work is the wide range of operating voltages

utilized in recording the scanning electron micrographs.

A partial list of operating voltages used by the various

groups is provided in Table 1.

In each instance, previouly published work at-

tempted to explain the relative contrast observed in

the scanning electron micrographs on the basis of the

spatial differences in secondary electron scattering and

surface potential. Some of the (mutually inclusive) SAM

properties considered were the atomic number of the

heteroatoms in the functional group, surface potential,

surface energy, alkyl chain length, and extent of molec-

ular ordering. However, the secondary electron yield

(�, the ratio of the number of secondary electrons to

the number of incident primary electrons) is also a func-

tion of the primary electron beam energy (EPE) used to

generate the secondary electrons.44 To test if the con-

trast in the scanning electron micrographs indeed de-

pended on the SEM operating voltage, we imaged �CP

patterns of carboxy-terminated molecules. Shown here

are �CP patterns of 25 mM MUDA stamped for 10 min

(Figure 8A) and 25 mM MHDA stamped for 15 s (Figure

8B). At 1 kV, the carboxy-terminated regions had higher

secondary electron emission intensity than the bare

Au background. However, when imaged at 5 kV, the

carboxy-terminated regions appeared with lower inten-

sity than the Au background. The contrast continued

to switch reproducibly over multiple cycles of moving

back and forth between 1 and 5 kV, indicating that the

contrast reversal was not due to permanent damage to

the SAMs. However, similar experiments performed for

�DP patterns of MUDA displacing AD did not show

contrast reversal with increasing SEM operating volt-

age (operating voltages up to 25 kV were attempted);

the MUDA regions appeared with higher secondary

electron emission intensity than the AD regions at all

primary electron beam operating voltages in the range

between 0.5 and 25 kV (see Supporting Information,

Figure 2, for additional data and explanations).

TABLE 1. SEM Operating Voltages Used by Different

Groups for Imaging SAM Chemical Patterns

research group SEM operating voltage (kV)

López et al.
12,43 35

Wollman et al.
42 3

Bittermann et al.
13 6

Saito et al.
15 0.6

Mack et al.
14 5

Figure 8. (A) Field emission scanning electron microcopy (FESEM) images ac-
quired at 1 and 5 kV of microcontact printed regions of 11-mercaptoundecanoic
acid (MUDA) that mirror the relief pattern on 10 �m � 10 �m posts on a stamp
inked with a 25 mM MUDA (10 min stamp–substrate contact time). (B) FESEM im-
ages acquired at 1 and 5 kV of microcontact printed regions of 16-mercapto-
hexadecanoic acid (MHDA) that mirror the relief pattern on 10 �m � 10 �m
posts on a stamp inked with a 25 mM MHDA (15 s stamp–substrate contact time).
The image contrast interchanged reversibly upon switching back and forth
between 1 and 5 kV, demonstrating the contrast dependence of self-assembled
monolayers on the operating voltage of the SEM.

Figure 9. Sequence of field emission scanning electron microscopy images of chemical patterns created by microcontact
printing of 25 mM 11-mercaptoundecanoic acid (MUDA, 10 s stamp–substrate contact time) on Au, recorded over a range
of primary electron beam operating voltages. The MUDA regions changed from appearing with lower intensity than Au to
appearing with higher intensity than Au at a primary electron beam voltage of ca. 1.9 kV.

Figure 10. Sequence of field emission scanning electron microscopy images of chemical patterns created by microcontact
printing of 25 mM 11-mercaptoundecanoic acid (MUDA, 10 s stamp–substrate contact time) on Au and back-filled with
10 mM 1-dodecanethiol (C12), recorded over a range of primary electron beam operating voltages. The MUDA regions
changed from appearing with lower intensity than C12 to appearing with higher intensity than C12 at a primary electron
beam voltage of ca. 8 kV.
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Based on the semiempirical theory of secondary

electron emission, when � is plotted as a function of

EPE, it follows a bell-shaped curve that is dependent on

the material properties (of both the substrate and the

organic overlayer). The maximum for this function oc-

curs at 0.7 keV � EPE � 0.9 keV for Au.44 Therefore, the

imaging conditions in the work described above (Table

1) and here are placed on the high-energy shoulder of

the bell-shaped function. The steepness in drop of �

with increasing EPE depends on the nature of the SAM.

Hence, it may be expected that the contrast seen in the

scanning electron micrographs of SAM patterns may in-

terchange with operating voltage if the � for the differ-

ent SAMs and/or Au cross over. In our example, we infer

that contrast reversal in �CP patterns of MUDA and

MHDA is due to the crossover between �MUDA and

�MHDA as compared to �Au. In the case of the �DP pat-

terns, �MUDA and �AD do not cross over; �MUDA is greater

than �AD for EPE up to 25 keV.

To test this hypothesis, we collected a series of SEM

images of �CP chemical patterns of 25 mM MUDA

stamped on Au for 10 s (Figure 9) and 25 mM MUDA

stamped on Au for 10 s and back-filled with C12 (Fig-

ure 10). The EPE was incrementally varied from 1 to

15 keV, and an image was collected at each primary

electron beam energy. The collected images were sub-

jected to image analysis where a threshold intensity

was used to discern the patterned and bare regions;

the average intensity of each region was then deter-

mined. Next, the ratios of intensities for patterned to

bare regions were calculated and plotted as a function

of EPE (Figure 11).

The sample containing �CP patterns of MUDA with

a bare Au background showed contrast reversal be-

tween the patterned and bare regions on the sample,

as the relative contrast ratio between �MUDA and �Au

changed from greater than 1 to less than 1 at a primary

electron beam voltage of ca. 1.9 kV. The correspond-

ing value for the �CP patterns of MUDA/C12 was found

to occur at ca. 8 kV. This behavior is consistent with

the fact that, in �CP patterns of C12 with a Au back-

ground, the C12 regions yielded higher intensity (and

hence higher secondary electron emission) than the

background Au regions for the full range of voltages

measured. (Note that, at 8 kV for the MUDA/C12 sys-

tem, there was insufficient contrast in the images to use

the automated image analysis routine.) The absolute

value of the crossover voltage was found to vary slightly

for similarly printed SAMs with different stamping times

and concentrations, presumably because of the vary-

ing molecular order within the films. These experiments

illustrate the strong dependence of the SEM contrast

primarily on the operating conditions of the instrument,

with additional dependence on the nature of the

sample, complicating quantitative analysis.

However, these experiments also show that our un-

derstanding of the SEM contrast mechanism in SAM

patterns is incomplete. Together, these results demon-

strate that the SEM can be readily used as a qualitative

inspection tool for chemical pattern metrology and is

extremely sensitive to compositional variations, even

within a molecular monolayer. Thus, the application of

the SEM in obtaining chemical information will require

the standardization of many parameters, including the

energy of the primary electrons, and a better under-

standing of the complex secondary electron emission

and scattering mechanisms of SAMs.

CONCLUSIONS AND PROSPECTS

Chemical patterns of SAMs show great promise for

use in a wide range of applications from electronics to

bioanalysis. Microcontact printing is one of the most

common procedures to create such chemical patterns;

however, it is limited by the tendency of lower-

molecular-weight molecules to diffuse laterally across

the substrate. Hybrid chemical patterning methods de-

scribed here enhance many aspects of �CP, produce su-

perior pattern fidelity and the ability to control the cov-

erage of patterned molecules, and expand the library

of molecules that can be patterned by soft lithography.

Furthermore, we have demonstrated the use of the

SEM as an analytical tool for the qualitative evaluation

of these enhanced chemical patterning methods. In

particular, the SEM is capable of distinguishing regions

Figure 11. Plot of the relative intensities of microcontact
printed (�CP) patterns of 25 mM 11-mercaptoundecanoic
acid (MUDA) stamped for 10 s on Au (blue) and �CP pat-
terns of 25 mM MUDA stamped for 10 s on Au and back-
filled with 1-dodecanethiol (C12, red), for primary electron
beam energies (EPE) ranging from 1 to 15 keV (lines are only
to guide the eye). The values of secondary electron emis-
sion yields (�) for the different self-assembled monolayer
components and Au vary individually as a function of EPE,
with a tendency to decrease with increasing EPE for the volt-
age ranges discussed here. Hence, the relative intensities of
the different components in a �CP pattern change as a func-
tion of EPE. The presence and value of the crossover voltage
(i.e., the point at which contrast reversal occurs) depend on
the steepness in the drop in � vs EPE for each SAM compo-
nent and Au. When � vs EPE for the different SAM compo-
nents and/or Au intersect and cross over, the relative con-
trast observed in the scanning electron micrograph reverses.
Here �MUDA/�Au changed from values greater than 1 to val-
ues less than 1 for EPE of ca. 1.9 keV, and the corresponding
value for �MUDA/�C12 was ca. 8 keV. This plot illustrates the
contrast dependence of patterned self-assembled monolay-
ers on the operating voltage of the scanning electron
microscope.
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of differential mass coverage in patterned SAMs, as

well as dilute chemical patterns (�5%) of isolated mol-

ecules. The current work also delineates the depen-

dence of the contrast in SEM images of SAMs on oper-

ating conditions, which points to the as-yet incomplete

understanding of the secondary electron emission and

scattering mechanisms of molecular overlayers on

metal substrates. This indicates the convolution of

many parameters, both intrinsic and extrinsic to SAMs,

in determining SEM contrast and limits its current appli-

cation in obtaining quantitative chemical information.

However, the SEM is ideally suited to obtain qualitative

analytical information such as pattern metrology, with

spatial resolution, in chemical patterns of SAMs.

METHODS

Materials. 1-Octanethiol (C8), 1-decanethiol (C10),
1-dodecanethiol (C12), 1-octadecanethiol (C18, Lancaster,
Pelham, NH), 11-mercaptoundecanoic acid (MUDA),
16-mercaptohexadecanoic acid (MHDA, Sigma-Aldrich, Milwau-
kee, WI), and 11-amino-1-undecanethiol (AUDT, Dojindo Molec-
ular Technologies, Gaithersburg, MD) were purchased and used
as received. 1-Adamantanethiol (AD, Sigma-Aldrich) was used as
received.45

Micrometer-scale relief features on poly(dimethylsiloxane)
(PDMS) stamps were generated using Si/SiO2 masters that were
patterned with the desired features using photolithography and
reactive-ion etching.45 The typical dimensions of the square-
shaped raised features on the PDMS stamp were 25, 10, and
5 �m; each was 1–2 �m high. In preparation for the subsequent
stamping step, an ethanolic solution of the ink molecule of ap-
propriate concentration was pipetted directly onto the pat-
terned PDMS stamp, allowed to adsorb on the stamp for 1 min,
and then dried with inert gas.

Self-assembled monolayers patterned by �CP, �DP, and
�CIP were fabricated on commercially available Au{111} evapo-
rated onto freshly cleaved mica substrates (Agilent Technologies
AFM, Tempe, AZ), which were annealed using a hydrogen flame
just prior to SAM deposition. Patterned SAMs created using LACP
were fabricated on Si wafers coated with electron-beam-
evaporated 10-nm-thick Cr followed by 100-nm-thick Au.

Instrumentation. A LEO 1530 Gemini system (Carl Zeiss, Inc.,
Oberkochen, Germany) operating at a primary electron beam
current of 125 pA at 1 kV (current varied with voltage) was used
to collect the FESEM images using an in-lens secondary elec-
tron detector. The aperture size was 30 �m, and the electron de-
tector was maintained at a collection voltage of �300 V. For ac-
quisition of the micrographs, the electron beam was scanned
over the image area for total exposure times less than 20 s to
limit electron-beam-induced damage to the SAMs.46 During im-
aging, the samples were grounded with metallic screws to pre-
vent charge accumulation in the organic regions and the convo-
lution in image contrast thereof. The scanning electron
micrographs are shown as obtained; no further image process-
ing was performed.

Scanning tunneling microscopy measurements were per-
formed under ambient conditions using a custom beetle-style
STM.47,48 Images were recorded in constant-current mode and at
high tunneling gap impedances (�1012 �) to ensure large tip–
sample separation and thus minimal contact between the probe
tip and the monolayer. An intensity map accompanies each STM
image and corresponds to the apparent height of each pixel in the
image. In our images, we represent the more protruding images
with higher intensity. Each STM image is representative of images
acquired across several regions on a freshly prepared substrate,
using a flat/unpatterned stamp, representing the phenomena that
occur away from the edges of a micropattern.

Lateral force microscopy images were collected under ambi-
ent conditions using a ThermoMicroscopes Autoprobe CP Re-
search AFM (Veeco Instruments, Santa Barbara, CA) in contact
mode. The images were recorded at a scan rate of 1 Hz, with a
force setpoint of 6 nN. Silicon-nitride-coated plank-style AFM tips
with a force constant of 0.03 N/m, or platinum-coated V-style
noncontact AFM tips with a force constant of 17.2 N/m, were
used. Both tip styles were purchased from Mikromasch (Port-
land, OR).
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